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Background 20
Admixture occurs when previously isolated populations come together and exchange genetic material. We 21 hypothesized that admixture can enable rapid adaptive evolution in human populations by introducing 22 novel genetic variants (haplotypes) at intermediate frequencies, and we tested this hypothesis via the 23 analysis of whole genome sequences sampled from admixed Latin American populations in Colombia, 24 Mexico, Peru, and Puerto Rico. 25
Results 26
Our screen for admixture-enabled selection relies on the identification of loci that contain more or less 27 ancestry from a given source population than would be expected given the genome-wide ancestry 28 frequencies. We employed a combined evidence approach to evaluate levels of ancestry enrichment at (1) 29 single loci across multiple populations and (2) multiple loci that function together to encode polygenic 30 traits. We found cross-population signals of African ancestry enrichment at the major histocompatibility 31 locus on chromosome 6, consistent with admixture-enabled selection for enhanced adaptive immune 32 response. Several of the human leukocyte antigen genes at this locus (HLA-A, HLA-DRB51 and HLA-DRB5) 33 showed independent evidence of positive selection prior to admixture, based on extended haplotype 34 homozygosity in African populations. A number of traits related to inflammation, blood metabolites, and 35 both the innate and adaptive immune system showed evidence of admixture-enabled polygenic selection 36 in Latin American populations. 37 ancient DNA have underscored the extent to which human evolution has been characterized by recurrent 48 episodes of population isolation and divergence followed by convergence and admixture. In this study, we 49 considered the implications of admixture for human adaptive evolution [2] . We hypothesized that 50 admixture is a critical mechanism that enables rapid adaptive evolution in human populations, and we 51 tested this hypothesis via the analysis of admixed genome sequences from four Latin American populations: 52
Colombia, Mexico, Peru, and Puerto Rico. We refer to the process whereby the presence of distinct 53 ancestry-specific haplotypes on a shared population genomic background facilitates adaptive evolution as 54 'admixture-enabled selection'. 55
56
The conquest and colonization of the Americas represents a major upheaval in the global migration of our 57 species and is one of the most abrupt and massive admixture events known to have occurred in human 58 evolution [3, 4] . The ancestral source populations -from Africa, Europe, and the Americas -that admixed 59 to form modern Latin American populations evolved separately for tens-of-thousands of years before 60 coming together over the last 500 years. This 500-year time frame, corresponding to approximately 20 61 generations, amounts to less than 1% of the time that has elapsed since modern humans first emerged 62 from Africa [5, 6] . Considered together, these facts point to admixed Latin American populations as an 63 ideal system to study the effects of admixture on rapid adaptive evolution in humans [7] . 64 65 A number of previous studies have considered the possibility of admixture-enabled selection in the 66 admixture-enabled selection at the major histocompatibility complex (MHC) locus in Puerto Rico [8], 68
Colombia [9], and Mexico [10], and another study found evidence for admixture-enabled selection on 69 immune system signaling in African-Americans, particularly as it relates to influenza and malaria response 70 [11] . Together, these studies highlighted the importance of the immune system as a target for admixture-71 enabled selection among a diverse group of admixed American populations. However, a follow up study 72 on a different cohort of African-Americans found no evidence for admixture-enabled selection in the 73
Americas [12] . The latter study concluded that the observed differences in local ancestry reported by 74 previous studies, which were taken as evidence for selection, could have occurred by chance alone given 75 the large number of hypotheses that were tested (i.e. the number of loci analyzed across the genome). 76
This work underscored the importance of controlling for multiple hypothesis testing when investigating the 77 possibility of admixture-enabled selection in the Americas. 78
79
We attempted to resolve this conundrum by performing integrated analyses that combine information 80 from (1) single loci across multiple populations and (2) multiple loci that encode polygenic traits. We also 81 used admixture simulation, along with additional lines of evidence from haplotype-based selection scans, 82 to increase the stringency of, and confidence in, our screen for admixture-enabled selection. This 83 combined evidence approach has proven to be effective for the discovery of admixture-enabled selection 84 among diverse African populations [13, 14] . We found evidence for admixture-enabled selection at the 85 MHC locus across multiple Latin American populations, consistent with previous results, and our polygenic 86 screen uncovered novel evidence for adaptive evolution on a number of inflammation, blood, and immune 87 Colombia shows the highest levels of three-way admixture. Individual genomes vary greatly with respect 101 to the genome-wide patterns of local ancestry, i.e. the chromosomal locations of ancestry-specific 102 haplotypes (Additional file 1: Figure S2 ). If the process of admixture is largely neutral, then we expect 103 ancestry-specific haplotypes to be randomly distributed throughout the genome in proportions 104 corresponding to the genome-wide ancestry fractions. 105 106 Ancestry enrichment and admixture-enabled selection 107
For each of the four LA populations, local ancestry patterns were used to search for specific loci that show 108 contributions from one of the three ancestral source populations which are greater than can be expected 7 based on the genome-wide ancestry proportions for the entire population (Additional file 1: Figure S3 ). 110
The ancestry enrichment metric that we use for this screen ( ) is expressed as the number of standard 111 deviations above or below the genome-wide ancestry fraction. Previous studies have used this general 112 approach to look for evidence of admixture-enabled selection at individual genes within specific 113 populations, yielding mixed results [8] [9] [10] [11] [12] . For this study, we have added two new dimensions to this 114 general approach in an effort to simultaneously increase the confidence for admixture-enabled selection 115 inferences and to broaden the functional scope of previous studies. To achieve these ends, we searched 116 for (1) concordant signals of ancestry enrichment for single genes (loci) across multiple populations, and 117
(2) concordant signals of ancestry enrichment across multiple genes that function together to encode 118 polygenic phenotypes. The first approach can be considered to increase specificity, whereas the second 119 approach increases sensitivity. Loci that showed evidence for ancestry enrichment using this combined 120 approach were interrogated for signals of positive selection using the integrated haplotype score (iHS) [21] 121 to further narrow the list of potential targets of admixture-enabled selection. 122 123 Single gene admixture-enabled selection 124
Gene-specific ancestry enrichment values ( ) were computed for each of the three continental ancestry 125 components within each of the four admixed LA populations analyzed here. We then integrated gene-126 specific values across the four LA populations using a Fisher combined score ( ). The strongest 127 signals of single gene ancestry enrichment were seen for African ancestry at the major histocompatibility 128 complex (MHC) locus on the short arm of chromosome 6 ( Figure 2A ). Three out of the four LA populations 129
show relatively high and constant ancestry enrichment across this locus, with the highest levels of 130 enrichment seen for Mexico and Colombia ( Figure 2B ). This signal is robust to control for multiple statistical 131 tests using the Benjamini-Hochberg false discovery rate (FDR). 132
133
We simulated random admixture across the four LA populations, parameterized by their genome-wide 134 ancestry proportions, to further assess the probability that this signal could be generated by chance alone 135 (i.e. by genetic drift). Based on this simulation, the observed levels of cross-population African ancestry 136 enrichment at the MHC locus are highly unlikely to have occurred by chance ( < 5 × 10 −5 ), whereas the 137 observed patterns of European and Native American ancestry enrichment are consistent with the range of 138 expected levels generated by the random admixture simulation (Additional file 1: Figure S4 ). Results of the 139 admixture simulation analysis were also used to demonstrate that the cross-population approach to single 140 locus ancestry-enrichment is sufficiently powered to detect selection at the population sizes analyzed here 141 (Additional file 1: Figures S5 and S6 ). The statistical power of the ancestry enrichment approach used in 142 this study rests on the cross-population comparisons, as the probability of observing the same ancestry 143 enrichment at the same locus across multiple LA populations is diminishingly low. 144
145
The MHC locus of chromosome 6 also shows a number of peaks for the iHS metric of positive selection 146 from the African continental population ( Figure 2C ). These peaks rise well above the value of 2, which is 147 taken as a threshold for putative evidence of positive selection [21] . The highest African iHS scores are 148 seen for the human leukocyte antigen (HLA) encoding genes HLA-A, HLA-DRB5, and HLA-DRB1 ( Figure 3A  149 and 3B). These HLA protein encoding genes make up part of the MHC class I (HLA-A) and MHC class II (HLA-150 DRB5, and HLA-DRB1) antigen presenting pathways of the adaptive immune system ( Figure 3C ), consistent 151 with shared selective pressures on immune response in admixed LA populations. 152
153
We modeled the magnitude of selection pressure that would be needed to generate the observed levels 154 of cross-population African ancestry enrichment at the MHC locus, using a tri-allelic recursive population 155 genetics model that treats ancestry haplotype fractions as allele frequencies (Figure 4 ). The average 156 selection coefficient value for African MHC haplotypes is =0.05 (Additional file 1: Figure S7 For each of the three continental ancestry components, we combined gene-specific ancestry enrichment 162 values ( ), for genes that function together to encode polygenic phenotypes, via the polygenic ancestry 163 enrichment score ( ) ( Figure 5A ). Observed values were compared to expected values generated 164 by randomly permuting size-matched gene sets to search for functions (traits) that show evidence of 165 admixture-enabled selection (Additional file 1: Figure S8 ). As with the single locus approach, we narrowed 166 our list of targets to traits that showed evidence of polygenic admixture enrichment across multiple LA 167 populations. This approach yielded evidence of statistically significant enrichment and depletion, across 168 multiple ancestries, for a number of inflammation, blood, and immune related traits ( Figure 5B Our results suggest that admixture can enable extremely rapid adaptive evolution in human populations. 195
In the case of the LA populations studied here, we found evidence of adaptive evolution within the last 500 196 years (or ~20 generations) since the conquest and colonization of the Americas began [3, 4] . We propose 197 that, given the ubiquity of admixture among previously diverged populations [1, 2], it should be considered 198 as a fundamental mechanism for the acceleration of human evolution. 199
200
The haplotypes that show evidence of ancestry enrichment in our study evolved separately for tens-of-201 thousands of years in the ancestral source populations -African, European, and Native American -that 202 mixed to form modern, cosmopolitan LA populations. Many of these haplotypes are likely to contain 203 variants, or combinations of variants, that provided a selective advantage in their ancestral environments 204
[27]. These adaptive variants would have increased in frequency over long periods of time and then later 205 provided source material for rapid adaptation of admixed populations, depending on their utility in the 206 New World environment. Variants that reached high frequency in ancestral source populations via genetic 207 drift could also serve as targets for positive selection in light of the distinct environments and selection 208 pressures faced by modern admixed populations. In either case, admixture-enabled selection can be taken 209 as a special case of selection on standing variation, or soft selective sweeps, underscoring its ability to 210 support rapid adaptation in the face of novel selective pressures [28, 29] .
Single locus versus polygenic selection 212
Our initial analysis of individual LA populations turned up numerous instances of apparent ancestry 213 enrichment genome-wide, including enrichment for all three ancestry components in each of the four 214 populations studied here (Additional file 2: Table S1 ). However, when ancestry enrichment signals were 215 combined across all four populations, only a handful of significant results remained after correcting for 216 multiple tests. Finally, when random admixture was simulated, only two peaks of African ancestry 217 enrichment were found to be shared among populations at levels greater than expected by chance ( Figure  218 2 and Additional file 1: Figure S4 ). These findings support the conservative nature of our combined 219 evidence approach to using cross-population ancestry enrichment as a criterion for inferring admixture-220 enabled selection, and also reflect the fact that selection needs to be extremely strong to be detected at 221 single loci. This is especially true given the relatively short period of time that has elapsed since modern LA 222 populations were formed via admixture of ancestral source populations. The results of our population 223 genetic model support this notion, showing an average selection coefficient value of =0.05 for African 224 haplotypes at the MHC locus. 225
226
A number of recent studies have underscored the ubiquity of polygenic selection on complex traits that are 227 encoded by multiple genes, emphasizing the fact that weaker selection dispersed across multiple loci may 228 be a more common mode of adaptive evolution than strong single locus selection [30] [31] [32] [33] . The results of 229 our polygenic ancestry enrichment analysis are consistent with these findings, as the polygenic approach 230 yielded signals of admixture-enabled selection for numerous traits across different ancestry components 231 and populations. Thus, the polygenic ancestry enrichment that we employed to infer admixture-enabled 232 selection is both more biologically realistic and better powered compared to the single locus approach.
13

Conclusions 234
We report abundant evidence for admixture-enabled selection within and between Latin American 235 populations that were formed by admixture among diverse African, European, and Native American source 236 populations within the last 500 years. The MHC locus shows evidence of particularly strong admixture-237 enabled selection for several HLA genes, all of which appear to contain pre-adapted variants that were 238 selected prior to admixture in the Americas. In addition, a number of related immune system, inflammation 239 and blood metabolite traits were found to evolve via polygenic admixture-enabled selection. 240 241 Over the last several years, it has become increasingly apparent that admixture is a ubiquitous feature of 242 human evolution. Considering the results of our study together with the prevalence of admixture leads us 243 to conclude that admixture-enabled selection has been a fundamental mechanism for driving rapid 244 adaptive evolution in human populations. . Ancestry enrichment analysis was limited to genes that 276
had ℎ values within one standard deviation of the genome-wide average for any population. 277
Distributions of gene-specific ancestry fractions ( ) for each population were used to calculate 278 population-specific genome-wide average ( ) and standard deviation ( ) ancestry fractions. Then, 279 for any given gene in any given population, ancestry enrichment ( ) was calculated as the number of 280 standard deviations above (or below) the genome-wide ancestry average:
with gene-specific ancestry enrichment -values computed using the distribution. A Fisher's combined 282 score ( ) was used to combine gene-specific ancestry enrichment -values across the four LA populations 283 as:
= −2 ∑ ln( ).
=1
The statistical significance of was computed using the χ 2 distribution with 8 284
(2 ) degrees of freedom. Correction for multiple tests was performed using the Benjamini-Hochberg 285 Table S3 ). All gene sets were LD pruned with a threshold of r 2 > 0. 
